Background
==========

Lung cancer has a very high incidence rate and accounts for more than 225 000 novel cases every year in USA alone \[[@b1-medscimonit-26-e922092]\]. The most common type of lung cancer, which accounts for \~80% of cases, is non-small cell lung cancer \[[@b2-medscimonit-26-e922092]\]. The prognosis for the patients with non-small cell lung cancer is dismal with a 5-year survival rate around 15% \[[@b3-medscimonit-26-e922092]\]. Tumor recurrence has been reported in most cases of lung cancer despite the use of radical resection and adjuvant chemotherapy \[[@b4-medscimonit-26-e922092]--[@b6-medscimonit-26-e922092]\]. The poor response of lung cancer patients to the currently available chemotherapeutic agents demands development of effective and novel strategies to treat lung cancer. These tumors are comprised not only of cancer cells but also contain stromal cells such as inflammatory cells, fibroblasts, and vascular cells \[[@b7-medscimonit-26-e922092]\]. The behavior of tumors is determined by the tumor microenvironment in addition to genetic and epigenetic factors \[[@b8-medscimonit-26-e922092]--[@b10-medscimonit-26-e922092]\].

The family of ABC transporter genes consists of a member known as ATP-binding cassette transporter G1 (ABCG1) \[[@b11-medscimonit-26-e922092]\]. The major role of ABCG1 is to regulate the cholesterol homeostasis in various cells of the body \[[@b11-medscimonit-26-e922092]\]. The homeostasis of cholesterol plays a vital role in the smooth functioning and survival of the cells \[[@b12-medscimonit-26-e922092]\]. The only pathway used for elimination cholesterol from the cells by ABCG1 involves storing it in the form of high-density lipoprotein particles \[[@b13-medscimonit-26-e922092],[@b14-medscimonit-26-e922092]\]. The intracellular transport of cholesterol is also facilitated by ABCG1 \[[@b15-medscimonit-26-e922092],[@b16-medscimonit-26-e922092]\]. The expression of ABCG1 has been observed ubiquitously in various types of cells such as myeloid and endothelial cells as well as in lymphocytes \[[@b11-medscimonit-26-e922092]\]. It is reported that ABCG1 acts as the mediator for tumor immunity in various cells \[[@b11-medscimonit-26-e922092]\]. A deficiency of ABCG1 has been shown to reduce MB49-bladder and B16-melanoma cancer cell growth and proliferation in mice models \[[@b17-medscimonit-26-e922092]\]. The survival for bladder and melanoma cancer mice models has been shown to be prolonged by ABCG1 deficiency \[[@b17-medscimonit-26-e922092]\]. Development of treatments for cancers using therapeutic agents involves various pathways \[[@b18-medscimonit-26-e922092]--[@b20-medscimonit-26-e922092]\]. The present study investigated the anticancer potential of betulinic acid nanoparticles against lung cancer cells. The study showed that betulinic acid nanoparticles inhibit proliferation, metastatic ability, and arrest cell cycle in lung cancer cells through downregulation of ABCG1 oncogene expression.

Material and Methods
====================

Cell culture
------------

The HKULC2, H1299, and H23 cell lines were provided by the American Type Culture Collection (Manassas, VA, USA). The cells were maintained in RPMI-1640 medium containing 10% fetal bovine serum (FBS). The medium was also mixed with antibiotics, penicillin (100 U/mL) and streptomycin (100 U/mL). The cell lines were cultured at 37°C under humidified atmosphere of 95% air and 5% CO~2~.

Cell viability assay
--------------------

The proliferative rate of HKULC2, H1299, and H23 cells was assessed using an MTT assay. The HKULC2, H1299, and H23 cells were put into 96-well plates at 2×10^5^ cells per well density and maintained for 24 hours. The cells were incubated in medium mixed with 1, 2, 3, 4, 5, 6, 7, and 10 μM of betulinic acid nanoparticles for 72 hours. At the completion of treatment, 20 μL of MTT (0.5 mg/mL) solution was put into each well of the plate and cells were incubated for 4 hours. The medium in the plates was decanted and 150 μL of dimethyl sulfoxide (DMSO) was added to each well of the plate. The cell proliferation was measured by recording absorbance of the plates in a microplate reader at 485 nm wavelength.

Cell cycle analysis
-------------------

The HKULC2 cells were put into 6-well culture plate at 1×10^5^ cells per well concentration and exposed for 72 hours to 5, 6, 7, and 10 μM of betulinic acid nanoparticles. Then cells were subjected to washing twice with phosphate-buffered saline (PBS) and subsequently centrifuged at room temperature for 10 minutes at 1200 g. The cell pellets were fixed in 70% ethyl alcohol at 4°C for 12 hours before incubation with DNase-free RNaseA and propidium iodide in accordance with the instructions from manufacturer. The cell cycle progression was detected using a flow cytometer (BD Accuri™ C6; BD Biosciences, Franklin Lakes, NJ, USA).

Wound healing assay
-------------------

The changes in HKULC2 cell migration potential on treatment with 5, 6, 7, and 10 μM of betulinic acid nanoparticles was assessed by wound healing assay. Briefly, HKULC2 cells were put into 6-well plates at 2×10^5^ cells/mL concentration and grown for 12 hours. The monolayer of the cells was starved for 24 hours before a 50 mL pipette tip was used draw a straight line wound through middle of the wells. The monolayers were washed twice with PBS and then exposed to 5, 6, 7, and 10 μM of betulinic acid nanoparticles for 72 hours. The mixture of 1.5% crystal violet dye and 3.5% ethyl alcohol was used for fixing and staining the cells over 25 minutes. The cell migration was observed randomly at 5 fields using an inverted light microscope (Nikon Corporation).

Transwell assay
---------------

The Matrigel was subjected to dilution with Dulbecco's Modified Eagle Medium (DMEM) devoid of serum after thawing for overnight at 4°C. The upper chamber was coated with 50 μL of the mixture and then subjected to incubation for 1.5 hour at 37° C. HKULC2 cells at a concentration of 1 × 10^5^ were distributed on the upper chamber in 200 μL of DMEM medium devoid of serum. The lower compartment contained 300 μL DMEM medium mixed with 10% FBS. The cells in upper compartment were incubated with 5, 6, 7, and 10 μM of betulinic acid nanoparticles for 72 hours at 37°C. The non-invaded cells on the upper compartment were removed by using cotton swab while as the cells in lower compartment were fixed for 15 minutes with 4% formaldehyde. The cells were stained by Giemsa method followed by microscopic observation for invasive potential.

Western blot analysis
---------------------

The HKULC2 cells (1×10^6^) after exposure to 5, 6, 7, and 10 μM of betulinic acid nanoparticles for 72 hours were trypsinized and collected. Then radio immunoprecipitation assay (RIPA) lysis buffer \[Tris-base (50 mM), EDTA (1 mM), sodium chloride (150 mM), sodium dodecyl sulfate (0.1%), Triton X-100 (1%), sodium deoxycholate (1%)\] was added to the cells. The lysate was collected after 30 minutes and centrifuged at 4°C for 15 minutes at 12 000 g. The bicinchoninic acid (BCA) assay kit was used for determination of protein concentration in the supernatants. The 5 μg protein samples were combined with 5×sodium dodecyl sulfate loading buffer and denatured for 15 minutes in boiling water bath. The proteins were subjected to resolution using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (80 V) and subsequently transferred to polyvinylidene difluoride membranes. The membrane blocking was achieved by incubation with 50 g/L skimmed milk for 1.5 hours at room temperature. Incubation with primary antibodies against: ABCG1, c-Myc, p21, B-cell lymphoma, myeloid cell leukemia 1, CD133 and aldehyde dehydrogenase (dilution, 1: 200; Santa Cruz Biotechnology, Inc.) was performed at 4°C for overnight. The membrane washing was carried out extensively with PBS and Tween-20 3 times followed by incubation at room temperature with goat anti-rabbit-labelled horseradish peroxidase-conjugated secondary antibodies for 1 hour. The enhanced chemiluminescence detection kit was used for developing the membranes for imaging and signals were analyzed by Image Lab v3.0 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis
--------------------

The data presented are the mean±standard deviation of three experiments carried out independently. The intergroup comparisons were performed using ANOVA followed by Tukey's or Dunnett's test. Statistical analysis of the data was made by using SPSS 17.0 software (IBM Corp., Armonk, NY, USA). At *P*\<0.05 the differences were taken statistically significant.

Results
=======

Betulinic acid nanoparticles inhibited HKULC2, H1299, and H23 cell proliferation
--------------------------------------------------------------------------------

The proliferation of HKULC2, H1299, and H23 cells was significantly (*P*\<0.05) reduced on addition of betulinic acid nanoparticles to the culture plates ([Figure 1](#f1-medscimonit-26-e922092){ref-type="fig"}). The cells were incubated with 1, 2, 3, 4, 5, 6, 7, and 10 μM of betulinic acid nanoparticles and changes in proliferation were measured by MTT assay. Treatment with betulinic acid nanoparticles at 1 μM decreased HKULC2, H1299, and H23 cell proliferation to 91%, 89%, and 86%, respectively at 72 hours. The proliferation of HKULC2, H1299, and H23 cells was decreased to 33%, 28%, and 24%, respectively on treatment with 10 μM of betulinic acid nanoparticles.

Betulinic acid nanoparticles arrested HKULC2 cell cycle
-------------------------------------------------------

To further explore the effect of betulinic acid nanoparticles on HKULC2 cell proliferation, the changes in cell cycle distribution were studied ([Figure 2](#f2-medscimonit-26-e922092){ref-type="fig"}). The results showed a significantly higher proportion of HKULC2 cells in G1 phase on treatment with betulinic acid nanoparticles for 72 hours. The HKULC2 cell population in S and G2/M phases showed a significant decrease on treatment in betulinic acid nanoparticles. The increase of cell population in G1 phase and decrease in S and G2/M phases was dependent on concentration of betulinic acid nanoparticles.

Betulinic acid nanoparticles inhibited HKULC2 cell migration
------------------------------------------------------------

The results from wound healing assay showed that betulinic acid nanoparticles decreased migration potential of HKULC2 cells ([Figure 3](#f3-medscimonit-26-e922092){ref-type="fig"}). The reduction of HKULC2 cell migration by betulinic acid nanoparticles was dependent on concentration. The decrease in HKULC2 cell migration was significant from 5 μM and the inhibitory effect was maximum on treatment with 10 μM of betulinic acid nanoparticles. The migration ability of HKULC2 cells was reduced by 4.5-fold on treatment with betulinic acid nanoparticles at 10 μM.

Betulinic acid nanoparticles inhibited HKULC2 cell invasion
-----------------------------------------------------------

Treatment of HKULC2 cells with betulinic acid nanoparticles reduced invasion ability in dose-based manner ([Figure 4](#f4-medscimonit-26-e922092){ref-type="fig"}). Transwell assays showed a significant reduction in invasion ability of HKULC2 cells on treatment with 5, 6, 7, and 10 μM of betulinic acid nanoparticles. Treatment of HKULC2 cells with 10 μM of betulinic acid nanoparticles reduced invasion ability by 6.5-fold in comparison to untreated cells.

Betulinic acid nanoparticles altered protein expression in HKULC2 cells
-----------------------------------------------------------------------

The changes in protein expression by betulinic acid nanoparticles in HKULC2 cells were assessed at 5, 6, 7, and 10 μM ([Figure 5](#f5-medscimonit-26-e922092){ref-type="fig"}). Western blot assay of HKULC2 cells showed that betulinic acid nanoparticles promoted the expression of p21 and p53 proteins and downregulated c-Myc expression. The levels of BCL2 and MCL1 in HKULC2 cells were suppressed on treatment with betulinic acid nanoparticles. Treatment of HKULC2 cells with betulinic acid nanoparticles downregulated the levels of CD133 and ALDH stem cell markers.

Betulinic acid nanoparticles downregulated ABCG1 expression in HKULC2, H1299, and H23 lung cancer cells
-------------------------------------------------------------------------------------------------------

The ABCG1 protein expression in HKULC2, H1299, and H23 cancer cells was markedly higher ([Figure 6](#f6-medscimonit-26-e922092){ref-type="fig"}). Betulinic acid nanoparticles reduced the expression of ABCG1 protein in all the 3 tested cancer cell lines significantly. The HKULC2, H1299, and H23 cells were treated with 5, 6, 7, and 10 μM of betulinic acid nanoparticles for 72 hours. Western blotting data showed reduction of ABCG1 expression in concentration dependent manner.

Discussion
==========

Lung cancer is one among the common causes of deaths related to cancer and has very poor prognosis \[[@b2-medscimonit-26-e922092]\]. In the present study role of betulinic acid nanoparticles in inhibition of lung cancer cell proliferation and metastasis was investigated. The study also focused on the possible molecular mechanism involved in lung cancer proliferation inhibition by betulinic acid nanoparticles.

Tumor recurrence and metastasis have been found closely related to tumor stem cells' resistance to drugs and immunosuppression \[[@b21-medscimonit-26-e922092],[@b22-medscimonit-26-e922092]\]. The present study investigated the effect of betulinic acid nanoparticles on the metastatic potential of HKULC2 lung cancer cells. Transwell and wound healing assay showed that betulinic acid nanoparticles suppressed invasive and migration abilities of HKULC2 cancer cells effectively. The gap phase between G1 and S phases plays an important role in delaying growth of cells. and it is during this phase that progression to another stage of cell cycle is controlled by various intracellular and extracellular signals \[[@b23-medscimonit-26-e922092],[@b24-medscimonit-26-e922092]\]. The G1 phase is considered to be a regulatory stage because during this phase cells may exit the cell cycle \[[@b25-medscimonit-26-e922092],[@b26-medscimonit-26-e922092]\]. In the present study, betulinic acid nanoparticles increased the proportion of HKULC2 cells in the G1 phase. Treatment of HKULC2 cells with betulinic acid nanoparticles reduced population in the S and G2/M phases. These results proved that betulinic acid nanoparticles caused arrest of cell cycle in HKULC2 cells in G1 phase. The lung cancer stem cells containing surface marker CD133+ are bestowed with the ability to undergo self-renew and produce large population of non-tumorigenic cells \[[@b27-medscimonit-26-e922092]\]. The CD133+ lung carcinoma stem cells are highly tumorigenic and resistant to various anticancer drugs like cisplatin \[[@b28-medscimonit-26-e922092]\]. The stem cells present in breast cancer, brain tumor, multiple myeloma, and leukemia have been found to possess high activity of ALDH1 \[[@b29-medscimonit-26-e922092]--[@b36-medscimonit-26-e922092]\]. The higher expression of ALDH1 has also been found in lung cancer cells where it is increased by smoking and promotes transformation of lung cells into malignant tumor \[[@b37-medscimonit-26-e922092],[@b38-medscimonit-26-e922092]\]. In pulmonary cancer cells, ALDH1 expression is considered to be the marker for tumor stem cells \[[@b39-medscimonit-26-e922092]\]. In the present study we studied the effect of betulinic acid nanoparticles on CD133+ and ALDH1 stem cell surface markers in HKULC2 cells. The results from western blotting showed that betulinic acid nanoparticle treatment of HKULC2 cells markedly reduced the expression of CD133+ and ALDH1.

Tumor growth is inhibited in absence of the cholesterol transporter ABCG1 because of modulation of carcinoma cell phenotype and survival of macrophages \[[@b17-medscimonit-26-e922092]\]. The excess cholesterol is eliminated from the cells in the form of high-density lipid particles by ABCG1 as reverse cholesterol transport pathway \[[@b13-medscimonit-26-e922092],[@b14-medscimonit-26-e922092]\]. It has been reported that in mice, excess cholesterol and sterol esters are accumulated in lung ABCG1 macrophages \[[@b40-medscimonit-26-e922092]--[@b42-medscimonit-26-e922092]\]. The apoptotic rate of lung ABCG1 macrophages loaded with lipid has been reported to be very high \[[@b43-medscimonit-26-e922092]\]. It is believed that cholesterol accumulation in lung macrophages induced some harmful effects which can lead to lung cancer cell apoptosis \[[@b43-medscimonit-26-e922092]\]. The present study found markedly higher level of ABCG1 in HKULC2, H1299, and H23 lung cancer cells. However, when these lung cancer cells were treated with betulinic acid nanoparticles for 72 hours, the level of ABCG1 was significantly decreased. The expression of ABCG1 was suppressed by betulinic acid nanoparticles in concentration dependent manner. These results proved that inhibition of lung cancer cell proliferation and arrest of cell cycle by betulinic acid nanoparticles are related with the downregulation of ABCG1 expression.

Conclusions
===========

In summary, the current study showed that betulinic acid nanoparticles exhibit cytotoxic effect on lung cancer cell, inhibit metastatic potential and arrest cell cycle through downregulation of ABCG1 oncogene expression. Therefore, betulinic acid nanoparticles can be used for treatment of lung cancer.
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![Betulinic acid nanoparticles reduce lung cancer cell proliferation. The HKULC2, H1299, and H23 cells were assessed for proliferation by MTT assay after treatment with betulinic acid nanoparticles. \* *P*\<0.05, \*\* *P*\<0.02 and \*\*\* *P*\<0.01 versus control.](medscimonit-26-e922092-g001){#f1-medscimonit-26-e922092}

![Betulinic acid nanoparticles arrest HKULC2 cell cycle. The DNA content of the cells was observed after incubation with 5, 6, 7, and 10 μM of betulinic acid nanoparticles by flow cytometry.](medscimonit-26-e922092-g002){#f2-medscimonit-26-e922092}

![(**A, B**) Betulinic acid nanoparticles reduced HKULC2 cell migration. The cell migration was detected following treatment with 5, 6, 7, and 10 μM of betulinic acid nanoparticles by wound healing assay. Magnification ×200. \* *P*\<0.05 and \*\* *P*\<0.01 versus control.](medscimonit-26-e922092-g003){#f3-medscimonit-26-e922092}

![(**A, B**) Betulinic acid nanoparticles inhibit HKULC2 cell invasion. The cell invasive ability was detected following treatment with 5, 6, 7, and 10 μM of betulinic acid nanoparticles by Transwell assay. Magnification 200×. \* *P*\<0.05 and \*\* *P*\<0.01 versus control.](medscimonit-26-e922092-g004){#f4-medscimonit-26-e922092}

![Effect of betulinic acid nanoparticles on protein expression in HKULC2 cells. The expression of various proteins in HKULC2 cells was assessed by western blot assay following treatment with betulinic acid nanoparticles.](medscimonit-26-e922092-g005){#f5-medscimonit-26-e922092}

![Downregulation of ABCG1 expression in lung cancer by betulinic acid nanoparticles. Western blot analysis of HKULC2, H1299, and H23 cells treated with betulinic acid nanoparticles for determination of ABCG1 protein expression. The intensity β-actin expression was taken as loading control.](medscimonit-26-e922092-g006){#f6-medscimonit-26-e922092}
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